Functional human telomerase complexes are minimally composed of the human telomerase RNA (hTR) and a catalytic subunit (human telomerase reverse transcriptase [hTERT]) containing reverse transcriptase (RT)-like motifs. The N terminus of TERT proteins is unique to the telomerase family and has been implicated in catalysis, telomerase RNA binding, and telomerase multimerization, and conserved motifs have been identified by alignment of TERT sequences from multiple organisms. We studied hTERT proteins containing N-terminal deletions or substitutions to identify and characterize hTERT domains mediating telomerase catalytic activity, hTR binding, and hTERT multimerization. Using multiple sequence alignment, we identified two vertebrate-conserved TERT N-terminal regions containing vertebrate-specific residues that were required for human telomerase activity. We identified two RNA interaction domains, RID1 and RID2, the latter containing a vertebrate-specific RNA binding motif. Mutations in RID2 reduced the association of hTR with hTERT by 50 to 70%. Inactive mutants defective in RID2-mediated hTR binding failed to complement an inactive hTERT mutant containing an RT motif substitution to reconstitute activity. Our results suggest that functional hTERT complementation requires intact RID2 and RT domains on the same hTERT molecule and is dependent on hTR and the N terminus.
The telomerase enzyme is a ribonucleoprotein that extends the 3Ј ends of linear eukaryotic chromosomes. It is minimally composed of a protein catalytic subunit, telomerase reverse transcriptase (RT) (TERT; hTERT in humans) and a telomerase RNA (TR; hTR in humans) that contains a short template used for de novo synthesis of telomeric DNA repeats (reviewed in reference 9). Telomerase activity is associated with an increased capacity for cellular proliferation in immortal unicellular eukaryotes and in most immortalized human cancer cells (39) . Identifying the mechanisms of telomerase assembly and catalytic function is essential for understanding the role of telomerase in immortalization.
The human telomerase holoenzyme is large (ϳ1,000 kDa) (43) , and mammalian telomerase activity is associated with a number of proteins that may be implicated in ribonucleoprotein assembly, processing, and stability (19, 21, 28, 35, 38) . Auxiliary proteins identified in yeast also mediate the access of telomerase to telomeres (15, 22) . However, human telomerase that is affinity purified under stringent salt conditions has a molecular mass of 600 kDa, consistent with a minimal complex composed of two hTERTs and two hTRs (45) . Recent studies indicate that hTERT proteins functionally (2, 6, 7) and physically (2) multimerize in vivo and in vitro. Functional telomerase multimerization refers to the functional complementation of two distinct, inactive hTERT mutants to reconstitute telomerase activity (6) . Physical hTERT multimerization has been demonstrated by the coimmunoprecipitation of rabbit reticulocyte lysate (RRL)-synthesized hTERT proteins with glutathione S-transferase (GST)-hTERT (2) . However, the association of hTERT proteins in immunoprecipitates may be indirect and could be mediated by other proteins or RNAs present in RRL. Though yeast and human telomerases contain more than one TR (41, 45) , the stoichiometry of TERT molecules in telomerase complexes is unknown.
The TERT component of telomerase is limiting and is required for telomerase function in vivo and in vitro (8, 10, 14, 30, 44) . TERT contains motifs (1 and 2 and A to E) that are common to all RTs (reviewed in reference 36). Mutations of most residues conserved between TERTs and members of the broader RT family abolish telomerase activity (for review, see reference 11). The TERT RT domain is essential for catalytic activity but is not sufficient for efficient binding of the Tetrahymena and hTR components (5, 7, 11, 27) nor for complementation of full-length inactive hTERT containing a substitution in the RT domain (6, 7) . The N-and C-terminal TERT regions are not conserved among RT family members and therefore may mediate telomerase-specific functions. Most of the C terminus of Tetrahymena and human TERTs is required for in vitro catalytic activity, though this region is not essential for TR binding (5, 7, 27) . The C terminus of EST2 (Saccharomyces cerevisiae TERT) influences telomerase processivity (40) , and the hTERT C terminus is also implicated in functional multimerization with other hTERT molecules (6) .
The TERT N terminus is larger and more highly conserved than the C terminus (40, 46) . Most of the N terminus of Tetrahymena, S. cerevisiae, and human TERTs is required to reconstitute wild-type levels of telomerase catalytic activity (2, 5, 7, 11, 16, 27, 34, 44, 46) . Portions of the Tetrahymena and human TERT N termini are essential for efficient binding of TR (5, 7, 27) , and a newly identified ciliate-specific motif (CP2) in Tetrahymena TERT is one element that defines the enzyme's in vitro 5Ј RNA template boundary (34) . The hTERT N terminus is also implicated in functional multimerization with other hTERT molecules (6, 7) , and a recently identified DAT (dissociates activities of telomerase) domain is required for telomere length maintenance but not for in vitro catalytic activity (2) .
Six major regions in the N terminus have been identified by sequence alignment of 10 TERT family members ( Fig. 1) : the nonconserved extreme N terminus (N), motif GQ (also identified as region I, motif T2, or motif N) (16, 31, 34, 46) , motif CP (12), a poorly conserved putative linker region between motifs GQ and CP (46) , motif QFP (also termed region III) (16, 46) , and motif T (also termed region IV) (16, 29, 37) . The CP motif, first identified in ciliates and corresponding to region II of EST2 (16) , contains residues that are also conserved in nonciliate TERTs (46) . An additional ciliate-specific motif, CP2, is located in the linker region of Tetrahymena TERT near the GQ motif boundary (34) . The hTERT DAT domain is encoded by the first half of the GQ motif (2) . The roles for most of the conserved regions in the TERT N terminus remain to be elucidated.
The TERT N terminus has been implicated in a number of telomerase-specific functions. However, the domains and mechanisms mediating these functions have not been completely characterized. In this study recombinant human telomerases containing deletions and single amino acid substitutions were expressed in S. cerevisiae and in vitro transcription/ translation (RRL) reactions to identify and characterize the regions of the hTERT N terminus involved in in vitro reconstitution of human telomerase activity, hTR binding, and multimerization with other hTERTs.
MATERIALS AND METHODS
Expression constructs. The construction of the pET28b hTERT, pET28b hTERT D868N, and pET28a GST-hTERT RRL expression plasmids and of the pEGKT GST-hTERT and pEGKT GST-hTERT D868N yeast expression plasmids was previously described (4). pET28a GST-hTERT D868N was constructed by replacing a 1,435-bp fragment from XhoI-digested pET28a GST-hTERT by a similar fragment from XhoI-digested pET28b hTERT D868N. The construction of in vitro transcription and yeast expression plasmids for hTR was previously described (3, 4) .
Site-directed mutagenesis, based on the Quik Change Site-Directed Mutagenesis kit from Stratagene, was used to generate pET28b hTERT constructs coding for N-terminal deletions and substitutions. Deletions and substitutions were confirmed by restriction enzyme digest and/or sequencing using a T7 DNA polymerase sequencing kit (USB Corp., Cleveland, Ohio). Yeast pEGKT GSThTERT expression constructs bearing hTERT N-terminal deletions and substitutions were generated by PCR amplification of pET28b hTERT mutation constructs, using the 5Ј and 3Ј primers 5Ј-TGCTCTAGACCCGCGCGCTCCCCG C-3Ј and 5Ј-CCCAAGCTTTCAGTCCAGGATGGTCTTG-3Ј, containing XbaI and HindIII restriction sites, respectively. XbaI-HindIII-digested PCR products were cloned into the pEGKT vector digested with the same enzymes.
Recombinant telomerase production. The TnT T7-Coupled Reticulocyte Lysate System (Promega) was used to generate hTERT proteins from pET28b hTERT and pET28a GST-hTERT expression constructs, as per the manufacturer's instructions, using 0.8 Ci of [ 35 S]methionine (Perkin-Elmer)/l. hTR was synthesized from an FspI-linearized phTRϩ1 plasmid, as previously described (3). Purified hTR was included in the in vitro transcription/translation reactions at a concentration of 80 fmol/l in the presence of 8 fmol of pEThTERT plasmid DNA/l.
Recombinant human telomerase was generated in GST-hTERT-and hTRexpressing yeast as previously described (4) , except that yeast was grown in selective medium containing 1% raffinose prior to induction with 4% galactose. cia]/ml), using a previously described glass bead lysis method (4) . Expression of GST-hTERT proteins was confirmed by Western blot analysis using 0.3 g of an affinity-purified hTERT antibody/ml (described below).
Immunoprecipitations. Immunoprecipitations were performed with antibodies specific to GST (Amersham Pharmacia) or hTERT. In some experiments, bovine serum albumin and/or Escherichia coli tRNA was added to the immunoprecipitation buffer (10 mM Tris-HCl [pH 7.5], 1 mM EGTA, 1 mM MgCl 2 , 1% NP-40, 10% glycerol, 150 mM NaCl, 0.2 mM AEBSF, 1 g of pepstatin/ml, 0.5 g of leupeptin/ml, and 38 U of RNAguard [Amersham Pharmacia]/ml) as blocking agents (each at 100 ng/ml). Rabbit preimmune serum or GST or hTERT antibodies were prebound to preequilibrated protein A-Sepharose beads (Amersham Pharmacia) by incubation (from 2 h to overnight) at 4°C. RRLs and yeast lysates containing hTERT proteins were precleared with rabbit preimmune serum for 1 h, followed by 2 to 3 h of immunoprecipitation with immobilized GST or hTERT antibodies. Four washes were performed in immunoprecipitation buffer containing 150 mM (washes 1 and 4) or 300 mM (washes 2 and 3) NaCl. Beads suspended in immunoprecipitation buffer were used directly in subsequent assays to detect hTR, hTERT, GST-hTERT, and telomerase activity. hTERT antibody was used at 0.9 to 1.35 g/ml in immunoprecipitations; efficiency was Ͼ25%.
Affinity-purified polyclonal hTERT antibody. An hTERT peptide-directed polyclonal hTERT antibody was generated in rabbits and affinity-purified using the immunogenic peptide N-SEAEVRQHREARPALLTSRLRFIPKC-C. The peptide used to generate and purify the hTERT antibody was synthesized at the Sheldon Biotechnology Centre of McGill University, and the hTERT antibody was raised and purified by Strategic Biosystems, Ramona, Calif. This peptide is a variant of a peptide previously designed for hTERT antibody generation (20) and falls within motif 1 of the hTERT RT domain. The hTERT antibody detected recombinant GST-hTERT or hTERT expressed in yeast and RRL. The specificity of anti-hTERT was confirmed by Western blot analysis of yeastexpressed GST-hTERT immunoprecipitated by a GST antibody.
Telomerase activity assays and quantification of telomerase activity. Telomerase activity was detected by a modified, two-step version of the telomeric repeat amplification protocol (TRAP) (3) with minor modifications. Five to 10% of immunoprecipitates, 15 g of total protein from yeast crude lysates, or 0.5 to 1 l of RRL was assayed for telomerase activity in a 20-l final volume during the elongation step of the reaction. Five to 10 l of this elongation reaction was amplified by PCR. Each 50-l PCR contained 20 pmol each of TS, NT, and ACX primers and 10 Ϫ19 moles of the TSNT primer. Amplification of TSNT by TS and NT primers generates an internal control. These primers have been described previously (24) . The PCR mix was composed of 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 1.5 mM MgCl 2 , and 50 M concentrations of the deoxynucleoside triphosphates, and each reaction contained 2 U of Taq DNA polymerase and 5 Ci of [ 32 P]dGTP (800 Ci/mmol; Perkin-Elmer). PCRs were performed for 25 cycles of 95°C for 30 s, 50°C for 30s, and 72°C for 1 min 30 s. Telomerase activity was quantified from RRL samples expressing equal amounts of hTERT protein.
The telomerase elongation product signal generated by individual hTERT mutants was normalized to the PCR internal control signal, and the obtained ratio was expressed as a fraction of the ratio calculated for the elongation products from wild-type telomerase that was always included with each experiment.
hTR binding assay and quantification of RNA binding. hTERT N-terminal mutants were synthesized and [
35 S] labeled in RRL in the presence of [ 32 P]-labeled hTR, using a modified version of a method previously developed to detect TR binding to Tetrahymena TERT (11) . hTR was synthesized from the FspI-linearized phTRϩ1 plasmid in the presence of [ 32 P]UTP (800 Ci/mmol). Linearized plasmid (2.5 g) was combined with T7 RNA polymerase buffer (40 mM Tris-HCl [pH 7.9], 6 mM MgCl 2 , 2 mM spermidine, and 10 mM DTT), 250 U of T7 RNA polymerase (NEB), and 250 Ci of [ 32 P]UTP (Perkin-Elmer) in a 50-l reaction mixture containing a 0.5 mM concentration each of ATP, GTP, and CTP. Labeled hTR was diluted to a final concentration of 1 pmol/l with unlabeled, in vitro-synthesized hTR. The specific activity of diluted, labeled hTR was 10 6 to 10 7 cpm/pmol, and 0.5 pmol of hTR was included in a 12.5-l RRL reaction. hTERT-hTR complexes were immunoprecipitated using hTERT antibody. After washing, 100% of beads were resuspended in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (100 mM DTT, 1.67% SDS, 5% glycerol, 0.83% ␤-mercaptoethanol, and 58 mM Tris HCl [pH 6.8]), and immunoprecipitated hTERT and coprecipitated hTR were resolved on SDS-7.5% PAGE gels and were detected as previously described (11) . Bands (46) . Alternative nomenclature for N-terminal subregions is described in the introduction. Mutations performed for this study are indicated by black boxes on the linear map of the hTERT N terminus. The DAT domain is a recently identified region (2) . (B) Sequence alignment of the extreme N terminus (N) of the vertebrate TERTs demonstrating that this region is conserved among vertebrate TERTs. Alignment of human, M. musculus, M. auratus, and X. laevis TERT sequences (17, 18, 20, 23, 26, 32, 33, 37) was performed using the BLAST program. The symbol "ϩ" indicates nonidentical conserved residues. Residues conserved in all vertebrate TERTs are underlined. (C) Sequence alignment of the vertebrate TERT linker indicating that the vertebrate linker contains conserved subregions, specifically at the C-terminal end. Alignment was performed as described above. Residues conserved in all vertebrate TERTs are underlined. The C-terminal end of the illustrated sequences is continuous with sequences of the CP motif as defined by Xia et al. (46) . A highly conserved VSR motif identified in this study is shown in boldface.
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at Penn State Univ on February 6, 2008 mcb.asm.org corresponding to hTR and hTERT were quantified using a Molecular Dynamics Densitometer and ImageQuant software. The amount of hTR in each lane was divided by the amount of protein in the same lane, and this ratio was expressed relative to the same ratio calculated for immunoprecipitated wild-type hTERT and coprecipitated hTR loaded on the same gel. As labeled hTR generated significant levels of nonspecific background in each lane, background signal was subtracted from the signal obtained for hTERT bands, to more accurately quantify the amounts of hTERT present in each lane. Multimerization assays. In all mixing experiments, GST-hTERT proteins expressed in yeast or RRL were mixed with hTERT proteins expressed in RRL and were then incubated on ice for 1 h. GST-hTERT/hTERT complexes were immunoprecipitated with a GST antibody (Amersham Pharmacia). Five to 10% of immunoprecipitates were examined for telomerase activity by TRAP, and the remainder was loaded on SDS-7.5% PAGE gels. Immunoprecipitated GSThTERT proteins and coprecipitated hTERT proteins were detected by Western blot analysis using hTERT antibody and/or by visualization of [
35 S]-labeled proteins on fixed, dried SDS-PAGE gels exposed to Kodak XAR sensitive film.
For the mixing experiments in which yeast-expressed GST-hTERT mutants were mixed with RRL-synthesized wild type or D868N hTERT (see Fig. 4A and B), 90 g of total yeast lysate proteins was mixed with 6 l of RRL. For the mixing experiments in which yeast-expressed D868N GST-hTERT was mixed with hTERT mutants synthesized in RRLs (see Fig. 5A ), two quantification steps were performed before mixing. First, 0.5-l aliquots of RRL-synthesized [
35 S]-labeled hTERT mutants were subjected to electrophoresis on SDS-7.5% PAGE gels and were quantified relative to wild-type hTERT loaded on the same gel. Second, yeast-generated D868N GST-hTERT was quantified relative to RRLsynthesized wild-type hTERT using Western blot analysis. Yeast-expressed D868N GST-hTERT and RRL-synthesized hTERT were mixed in a 1:1 ratio (ϳ1 l of RRL for every 20 l of yeast lysate). Quantification of input proteins prior to mixing was performed similarly for RRL-based mixing experiments (see Fig. 5B and 6A ). Approximately 5 to 10 l each of RRL-synthesized GSThTERT and hTERT was mixed in these experiments. Mixes were diluted to 20 l with yeast lysis buffer prior to incubation on ice.
In the experiments where D868N GST-hTERT was cosynthesized with hTERT mutants, equal quantities of plasmids were added to RRLs (20 ng/l for each plasmid) and synthesis was carried out in the presence of hTR as described above. Immunoprecipitations were performed using 20 l of each synthesis reaction.
RESULTS
We generated a series of recombinant telomerases containing single amino acid substitutions and 10 amino acid deletions (Fig. 1A) to characterize the roles of the hTERT N terminus in telomerase activity, hTR binding, and multimerization with other hTERT molecules. Deletions were regularly spaced at 40-amino-acid intervals, with the exception of ⌬481-490 and ⌬508-517, which were designed to overlap with previously characterized EST2 mutations (EST2 residues 303 to 312 and 330 to 339, respectively) (16). Nonconservative and conservative substitutions of the tryptophan at position 547 in the hTERT T motif to alanine (W547A) or phenylalanine (W547F), respectively, were also generated (Fig. 1A) . The Tetrahymena TERT expresses a phenylalanine at this location, in contrast to all other TERTs, which contain a tryptophan residue. Deletion of hTERT residues 70 to 79, 150 to 159, 481 to 490, and 508 to 517 removed highly conserved amino acids b Alignments were performed with NCBI BLAST and by using the multiple sequence alignment published by Xia et al. (46) . See Fig. 1 for sequence alignments of the extreme N-terminal (N) and linker regions of the vertebrate TERTs.
c Motifs identified by multiple sequence alignment (46) . Additional domains/motifs identified in hTERT are indicated in parentheses. d Telomerase activities of mutant telomerases reconstituted in RRL were expressed relative to the activity of wild-type enzyme. e hTR association with hTERT mutants generated in RRL was expressed relative to hTR association with wild-type hTERT. f The physical association of hTERT mutants with GST-hTERT D868N in vitro was evaluated by SDS-PAGE using (i) immunoprecipitated mixtures of yeast-or RRL-synthesized GST-hTERT D868N and RRL-synthesized hTERT mutants ( Fig. 4C and 5A , respectively) and (ii) immunoprecipitated RRL cosynthesis reactions (Fig. 6) .
g The ability of hTERT mutants to functionally complement inactive GST-hTERT D868N cosynthesized in RRL was evaluated by TRAP assay. The symbol "ϩ" indicates functional complementation to reconstitute telomerase activity. The symbol "Ϫ" indicates an inactive mutant that does not complement GST-hTERT D868N. "ϩ/Ϫ" indicates weak complementation.
previously identified by the alignment of TERT sequences from yeasts, ciliates, vertebrates, and plants (Table 1) (46) . Alignment of TERT sequences from diverse organisms reveals substantial divergence in sequence composition and length in the linker and at the extreme N terminus (46) . We aligned four vertebrate TERT sequences (20, 23, 33, 37) using the NCBI BLAST program (1) to determine if any portions of the extreme N-terminal and linker regions were conserved (Fig. 1B and C) . The extreme N terminus (hTERT residues 1 to 57) was conserved among vertebrate TERTs (Fig. 1B) . The N-terminal two-thirds of the linker were weakly conserved, but the C-terminal end of the linker contained two blocks of highly conserved amino acids (Fig. 1C) . One of these conserved linker regions (R381-L396 in hTERT) was continuous with the previously identified CP motif (Fig. 1C) . The second conserved block of amino acids in the linker (T355-L366 in hTERT) was flanked on either side by nonconserved residues (Fig. 1C) that are not required for in vitro telomerase activity (2) . We named this second conserved linker region the VSR motif (for vertebrate-specific RNA binding motif; see below) (Fig. 1C) . Deletion of hTERT residues 30 to 39, 350 to 359, and 390 to 399 removed vertebrate-specific amino acids in the extreme N terminus and linker ( Table 1) . Deletion of hTERT residues 190 to 199, 230 to 239, 270 to 279, 310 to 319, and 430 to 439 removed sequences that were not conserved among any of the TERTs (Table 1) .
Telomerase activity of hTERT N-terminal mutants expressed in S. cerevisiae and in vitro transcription/translation systems. hTERT N-terminal mutants were expressed in RRL or as GST fusion proteins in S. cerevisiae in the presence of TR ( Fig. 2A or B, respectively) . The catalytically inactive RT domain point mutant D868N (4) was also synthesized in both systems as a negative control for telomerase activity ( Fig. 2A to C, lanes 3, 17, and 3, respectively, top panels). All of the mutant proteins were stably expressed in RRL ( Fig. 2A , bottom panel) and were immunoprecipitated using an hTERT antibody (Fig. 2C, bottom panel) . However, GST-hTERT mutant protein expression levels varied in yeast. Specifically, GSThTERTs containing mutations ⌬30-39, ⌬70-79, ⌬481-490, and ⌬508-517 were poorly expressed (Fig. 2B, lanes 3, 4, 13 , and 14, bottom panel). Three of these mutations partially or fully overlap with mutations associated with EST2 protein instability (16) .
The catalytic activities of reconstituted telomerases were assayed by the TRAP technique, using RRL-expressed enzyme ( Fig. 2A, top panel) , yeast protein extracts (Fig. 2B, top panel) , or immunoprecipitated telomerase from RRL (Fig. 2C , top panel). The relative levels of telomerase activity for mutant enzymes reconstituted in RRL are shown in Fig. 2A . The ⌬30-39 mutant, which reconstituted low levels of telomerase activity in crude RRL (Fig. 2A, lane 4) , was nearly inactive when expressed in yeast (Fig. 2B, lane 3) or following immunoprecipitation from RRL (Fig. 2C, lane 4) . The ⌬70-79 mutant, which was active in crude RRL and following immunoprecipitation from RRL ( Fig. 2A and C, lane 5), was inactive in yeast (Fig. 2B, lane 4) . Overall, the relative telomerase activities of the panel of mutants in yeast and crude or immunoprecipitated RRL were similar (compare Fig. 2A , B, and C). However, the catalytic activity of wild-type and mutant telomerases reconstituted in yeast was generally weaker than the activity observed in crude and immunoprecipitated RRL samples (compare Fig. 2B to 2A and C, respectively). One exception was the GST-hTERT mutant ⌬110-119, which reproducibly reconstituted more active telomerase than did wild-type GST-hTERT when expressed in yeast (Fig. 2B , lanes 5 and 2, respectively). This increased activity was not observed when the mutant enzyme was expressed in RRL ( Fig. 2A, lane 6) . As all hTERTs were expressed at equal levels in RRL, the reconstituted telomerase activities of mutants relative to the wild type were quantified from crude and immunoprecipitated RRL. The average relative telomerase activities of the mutants are indicated in Table 1 .
Residues unique to vertebrate TERTs are required for human telomerase activity. Deletions that removed residues highly conserved among all TERTs (⌬70-79, ⌬150-159, ⌬481-490, and ⌬508-517) severely impaired reconstitution of human telomerase activity (Ͻ40% of reconstituted wild-type telomerase activity) ( Table 1 ). The nonconservative W547A substitution abolished telomerase activity, whereas a conservative change to a residue naturally expressed in the Tetrahymena TERT (W547F) had no detectable effect on telomerase activity using the TRAP assay (Table 1 ). All deletions that removed vertebrate-specific conserved residues, except ⌬110-119, which is located within the catalytically nonessential DAT domain of hTERT (2), resulted in inactive or weakly active recombinant enzymes (Ͻ10% of reconstituted wild-type telomerase activity) ( Table 1 , ⌬30-39, ⌬350-359, and ⌬390-399). In contrast, deletion of nonconserved residues (⌬190-199, ⌬230-239, ⌬270-279, ⌬310-319, and ⌬430-439) had a negligible effect on telomerase activity (Ͼ70% of reconstituted wild-type activity) ( Table 1 ). These results demonstrate a functional role for conserved Nterminal domains previously identified by sequence alignment of TERTs from multiple organisms (46) , as all hTERT mutations that altered highly conserved residues impaired in vitro catalytic activity. These and previously published results also suggest that some regions of the TERT N terminus may be implicated in organism-, vertebrate-, or ciliate-specific in vitro catalytic function (34) .
Vertebrate-specific conserved regions in hTERT are required for association with hTR. Sequence alignment identified vertebrate-conserved segments of TERT (Fig. 1) . These regions may represent domains involved in protein-protein or protein-RNA interactions. Vertebrate TRs share a common structure, including three conserved domains (CR4-CR5, CR7, and Box H/ACA domains) that are not present in the ciliate TRs (13) and which may associate with TERT sequences unique to vertebrates. The association of [ 32 P]-labeled hTR with RRL-synthesized hTERT mutants was examined following immunoprecipitation of hTERT/hTR complexes using an hTERT polyclonal antibody. The hTERT antibody immunoprecipitated all hTERT mutants expressed in RRL (Fig. 2C) . Representative results are shown in Fig. 3 , and quantification of hTERT-hTR binding from multiple experiments is summarized in Table 1 . The catalytically inactive D868N hTERT mutant bound hTR as efficiently as wild-type hTERT (Fig. 3 , lanes 7 and 6, respectively; and Table 1 ). Deletions in the extreme hTERT N terminus and N-terminal two-thirds of the GQ motif, including the DAT domain, resulted in modest (10 to 20%) but reproducible reductions in hTR association with hTERT ( Fig. 3 and Table 1 , ⌬30-39, ⌬70-79, ⌬110-119, and ⌬150-159). We defined the region between amino acids 30 and 159 as hTERT RNA interaction domain 1 (RID1). However, deletion of residues 230 to 239 also resulted in a 10% reduction in hTR association with hTERT, indicating that the RID1 domain might extend to residue 240. Deletion of portions of the hTERT linker that were only weakly conserved among the vertebrate TERTs did not affect hTR binding (Ͼ90% of wild- type hTERT-hTR binding) ( Fig. 3 and Table 1 , ⌬190-199, ⌬230-239, ⌬270-279, and ⌬310-319). Deletion of vertebrateconserved residues in the linker VSR motif and at the CP motif/linker junction resulted in a 50% reduction in hTR binding ( Fig. 3 and Table 1 , ⌬350-359 and ⌬390-399, respectively). Mutations in highly conserved residues of the CP, QFP, and T motifs caused a 50 to 70% reduction in hTR association with hTERT ( Fig. 3 and Table 1 , ⌬390-399, ⌬481-490, ⌬508-517, and W547A), indicating that these regions are likely involved in hTR binding. The conservative substitution W547F resulted in a modest 25% reduction in hTR/hTERT association ( Fig. 3 and Table 1 ) and had no effect on telomerase activity (Table  1) . We defined the hTR-interacting region containing the VSR, CP, QFP, and T motifs (residues 350 to 547) as hTERT RID2. However, hTERT containing a deletion in a poorly conserved region between the CP and QFP motifs was catalytically active and bound hTR as efficiently as did wild-type hTERT ( Fig. 3 and Table 1 , ⌬430-439), indicating that RID2 is divided into two noncontiguous regions, defined by residues 350 to 399 and 481 to 547. Mutants demonstrating a 50 to 70% reduction in RID2-mediated hTR binding exhibited a fivefoldor-greater reduction in telomerase activity. Therefore, efficient RID2-mediated hTERT/hTR associations appear to be important for catalytic activity.
GST-hTERT N-terminal mutants associate with wild-type hTERT. Previous work suggests that human telomerase functions as a multimer (6, 45) . The physical association of hTERT proteins in vitro was demonstrated recently by the coimmunoprecipitation of hTERT with GST-hTERT (2) . In an effort to determine the role of the N terminus in multimerization, we investigated the interactions of GST-hTERT N-terminal mutants with wild-type hTERT. We mixed yeast lysates expressing GST-hTERT mutants and hTR with [ 35 S]-labeled wild-type hTERT synthesized in RRL in the presence of hTR. If an interaction occurred between GST-hTERT mutants and wildtype hTERT, immunoprecipitation of inactive GST-hTERT mutants would coprecipitate wild-type hTERT and telomerase activity. Immunoprecipitation of GST protein alone does not coprecipitate hTERT (2; data not shown). Immunoprecipitation of both active and inactive GST-hTERT mutants using a GST antibody coprecipitated [ 35 S]-labeled wild-type hTERT and telomerase activity ( Fig. 4A ; compare in Fig. 2B and 4A the following: D868N, mutants with deleted residues 30 to 39, 70 to 79, 150 to 159, 350 to 359, 390 to 399, 481 to 490, and 508 to 517; and W547A). Therefore, certain N-terminal regions of hTERT deleted in this study may not be essential for the association of hTERT proteins. Some inactive N-terminal mutants appeared to coprecipitate wild-type hTERT and telomerase activity less efficiently than others (Fig. 4A, lanes 5 and  16) . However, these proteins were poorly expressed in yeast compared to most GST-hTERT mutants (Fig. 2B, lanes 3 and  13) .
Similar mixing experiments were performed using D868N hTERT (Fig. 4B) to determine if inactive GST-hTERT mutants could functionally complement this catalytically inactive RT domain mutant to reconstitute telomerase activity. Specif- Fig. 2B and 4B) . Therefore, we concluded that the physical association of hTERT proteins in coimmunoprecipitations is not sufficient for functional complementation of two distinct inactive proteins.
N-terminal mutations do not prevent physical association of hTERT proteins. Certain GST-hTERT mutants coimmunoprecipitated reduced amounts of [
35 S]-labeled hTERT and low levels of telomerase activity (⌬30-39 and ⌬481-490; Fig. 4A ), suggesting that some hTERT N-terminal regions may be implicated in the physical association of hTERT proteins (Fig.  4A) . However, some GST-hTERT mutants (including ⌬30-39 and ⌬481-490) were poorly expressed in yeast (Fig. 2B) . Reduced expression levels of certain mutants would affect the amounts of GST-hTERT mutant proteins immunoprecipitated from yeast extracts, resulting in the coprecipitation of less (Fig. 5A, middle  panel) , similar levels of coprecipitated mutant proteins were detected (Fig. 5A, bottom panel) and inactive N-terminal mutants did not functionally complement the D868N GSThTERT mutant to reconstitute activity (Fig. 5A, top panel) .
Similar experiments were performed using GST-hTERT D868N and N-terminal mutants synthesized in RRL (Fig. 5B) to eliminate the possible effect of yeast lysate components on interactions between hTERT proteins. Again, the levels of coprecipitated hTERT N-terminal mutants were not grossly different (Fig. 5B) , and inactive mutants did not complement GST-hTERT D868N to reconstitute telomerase activity. Therefore, we concluded that these N-terminal mutations did not prevent the physical association of hTERT proteins in coimmunoprecipitates.
Physical association of hTERT molecules is hTR independent. All preceding mixing experiments were performed with hTERT and GST-hTERT proteins synthesized in the presence of hTR and therefore did not address whether hTR is required for the physical and functional association of hTERT proteins. We designed an experiment to determine if physical and functional interactions between hTERT proteins were dependent on the presence of hTR. GST-hTERT, GST-hTERT D868N, hTERT, and D868N hTERT were synthesized separately in RRL in the presence or absence of hTR. GST-hTERT and hTERT proteins were mixed in different combinations, and GST-hTERT/hTERT complexes were immunoprecipitated with a GST antibody (Fig. 6A) . Only GST-hTERT/hTERT complexes containing a wild-type hTERT or GST-hTERT synthesized in the presence of hTR were active following immunoprecipitation (Fig. 6A, compare lanes 4, 6, 10 , and 11 to lanes 5, 7, 9, and 12). The addition of hTR after GST-hTERT and hTERT proteins were synthesized and mixed did not reconstitute telomerase activity (Fig. 6A, lanes 7 and 12) . However, coimmunoprecipitation of hTERT proteins did not require hTR (Fig. 6A, SDS-PAGE, lanes 3 and 8) . The independent synthesis of both GST-hTERT and hTERT proteins in the presence of hTR (Fig. 6A, lanes 6 and 11) or the addition of hTR to protein mixtures (Fig. 6A, compare lanes 7 and 12  to lanes 3 and 8) did not increase the efficiency of hTERT coimmunoprecipitation. GST-hTERT proteins seemed to be immunoprecipitated less efficiently in the absence of hTR, and the amounts of coprecipitated hTERT decreased correspondingly (Fig. 6A, lanes 3 and 8) . In conclusion, physical association of hTERT proteins was hTR independent, but coimmunoprecipitation of active enzyme required the synthesis of wildtype hTERT molecules in the presence of hTR. These results suggest that the physical association of mixed hTERT proteins in coimmunoprecipitates is not sufficient for functional interactions and that hTR molecules bound to inactive RT mutants cannot be used by another, wild-type hTERT molecule.
N-terminal mutants defective in RID2-mediated hTERThTR interactions cannot functionally complement an inactive RT domain mutant. We found that functional interactions between wild-type and D868N hTERTs required the synthesis of wild-type hTERT proteins in the presence of hTR and that the addition of hTR to hTERT after protein synthesis could not reconstitute telomerase activity (Fig. 6A) . Thus, we reasoned that cosynthesis of GST-hTERT and hTERT proteins in the presence of hTR might facilitate the functional complementation between some inactive N-terminal mutants and the inactive GST-hTERT D868N to reconstitute telomerase activity. GST-hTERT D868N and N-terminal mutants were cosynthesized in RRL in the presence of hTR, and immunoprecipitated telomerase complexes were examined for telomerase activity and the coprecipitation of N-terminal mutants (Fig.  6B ). All N-terminal mutant proteins, including those defective in RID2-mediated hTR binding, were coimmunoprecipitated equally (Fig. 6B, lanes 6 to 20) , supporting our previous conclusions that the physical association of hTERT molecules does not depend on hTR and that the N-terminal mutants that we examined were not defective in physical multimerization. Coexpression of weakly active N-terminal mutants (⌬30-39 and ⌬70-79) with GST-hTERT D868N reconstituted increased telomerase activity compared to the activity reconstituted by the ⌬30-39 or ⌬70-79 mutant alone (compare Fig. 5 to Fig.  6B ). The inactive mutant ⌬150-159 functionally complemented GST-hTERT D868N to reconstitute telomerase activity (Fig.  6B, lane 9) . However, inactive N-terminal mutants ⌬350-359, ⌬390-399, ⌬481-490, ⌬508-517, and W547A did not functionally complement GST-hTERT D868N to reconstitute telomerase activity (Fig. 6B) . These N-terminal mutants were defective in RID2-mediated hTR binding (Table 1 and Fig. 3) . Therefore, we concluded that functional complementation of hTERT molecules was dependent on RID2-mediated hTR interactions and required the presence of intact RT and RID2 domains on the same molecule.
DISCUSSION
Conserved regions of the hTERT N terminus are required for in vitro catalytic activity. We expressed recombinant human telomerases containing N-terminal mutations in RRL and S. cerevisiae. Our results demonstrate a catalytic role for conserved N-terminal domains previously identified by sequence alignment of TERTs from multiple organisms (46) , as all hTERT mutations that altered highly conserved residues impaired in vitro catalytic activity (Table 1; Fig. 7) . Mutation of some of these residues in Tetrahymena and yeast TERTs has also been shown to affect telomerase activity (16, 34) . Conversely, nonconserved residues were dispensable for in vitro catalytic activity. In addition, alignment of multiple vertebrate TERT sequences revealed vertebrate-specific conserved residues in the extreme N terminus and linker that were essential for human telomerase activity. Though the extreme N terminus and linker are not conserved among all TERTs, they are also implicated in yeast and Tetrahymena telomerase catalytic function (34, 46) .
hTERT N-terminal RID1. Mutations in the extreme N terminus and part of the hTERT GQ motif (residues 30 to 159) resulted in modest reductions in association of hTR with hTERT (Table 1 and Fig. 7) . N-terminal truncations that delete this region of Tetrahymena and human TERTs appear to cause small reductions in TR binding (7, 27) . The corresponding sequences of EST2 are implicated in nonspecific binding of single-stranded nucleic acids (46) and in TR binding (16) . Additionally, secondary structure predictions show that the hTERT extreme N terminus and GQ motif are likely to form a continuous, highly structured domain (2); parts of this domain are required for in vivo telomere length maintenance in yeast and human cells (2, 46) . Though involved in hTR interactions, our results suggested that RID1 is not the major hTR binding domain of hTERT.
hTERT N-terminal RID2. In agreement with previous results implicating the CP, QFP, and T motifs of yeast and Tetrahymena TERTs in TR binding (11, 16) , mutations in these motifs of hTERT caused severe defects in the association of hTR. In addition, deleting part of the VSR motif in the hTERT linker compromised hTR binding. RID2 (residues 350 to 547) overlaps with the hTERT RNA binding region previously defined by the analysis of hTERT N-terminal truncations FIG. 5 . N-terminal mutants are not defective in physical multimerization. Equal amounts of GST-hTERT D868N and hTERT mutants synthesized separately in RRL or yeast in the presence of hTR were mixed and incubated on ice, and telomerase complexes were immunoprecipitated (IP) using a GST antibody. Immunoprecipitated hTERT/GST-hTERT complexes were examined for telomerase activity by TRAP (top panels) and for immunoprecipitation of hTERT and GST-hTERT proteins. WT, wild type. mcb.asm.org (5, 7, 27) . Our data further indicated that RID2 contained at least two distinct RNA interaction regions separated by nonconserved sequences between the CP and QFP motifs that are not essential for RNA binding or catalytic activity (Table 1 and Fig. 7 ). Our results suggested that RID2 is the major hTR binding domain in the hTERT N terminus. VSR motif. The VSR motif of hTERT (residues 355 to 366) may be functionally analogous to the ciliate-specific CP2 motif characterized in Tetrahymena TERT (34) . Both the VSR and CP2 motifs are required for in vitro catalytic activity and interactions with TR (27, 34) . However, the CP2 and VSR motifs are unrelated in sequence and are situated at opposite ends of their respective TERT linkers. The CP2 motif is located near the GQ motif boundary of the Tetrahymena TERT linker. The hTERT linker may contain an additional RNA binding motif near the GQ motif boundary. However, sequence alignments demonstrated that the first half of the linker (near the GQ motif boundary) is poorly conserved among vertebrate TERTs, and our data and others' indicate that this region is not required for human telomerase activity (2) or RNA binding. We hypothesize that differences in the VSR and CP2 motif sequences and in their location with respect to more conserved elements of the RNA binding domain (RID2 in hTERT) may reflect the specific interaction requirements of TRs with different secondary structures. The observation that ciliate-and vertebrate-specific conserved TERT elements are required for interactions with TRs warrants further comparative mapping of the TERT-TR interaction domains from different organisms.
Physical multimerization of hTERT proteins is hTR independent. Recent studies indicate that (i) the human telomerase complex contains two functional hTR molecules, (ii) separately inactive hTERT fragments can functionally multimerize in vitro and in vivo, and (iii) hTERT molecules physically multimerize in vitro (2, 6, 45) . The hTERT N terminus was previously proposed as one of the protein-protein interaction sites in telomerase multimers (6) . Interactions between hTERT molecules may be direct or may be mediated by other members of the telomerase complex, such as hTR, or by other proteins, such as molecular chaperones. Though our data demonstrated that hTERT proteins synthesized in yeast and RRL can interact with one another, the physical association of these proteins appeared to be independent of the N terminus. Physical multimerization of hTERT proteins occurred in the absence of hTR, in agreement with the recently published results of Armbruster and colleagues (2), and appeared unaffected by mutations that caused defects in hTR association. Therefore, our data suggest that the physical association of hTERT proteins is Functional complementation requires intact RNA binding and RT domains on the same hTERT molecule. Though hTR and hTR binding were not required for the physical association of hTERT molecules in coimmunoprecipitates, functional hTERT interactions were hTR dependent. Two types of experiments were performed to study the multimerization requirements of human telomerase. First, hTERT proteins were synthesized separately in the presence or absence of hTR and were subsequently mixed. Active enzyme was immunoprecipitated by the inactive GST-hTERT D868N only when hTR was present during the synthesis of wild-type hTERT, suggesting that wild-type hTERT could not functionally interact with hTR bound to inactive GST-hTERT D868N. Our results support the recent observation of Beattie and colleagues that functional complementation requires the association of hTR with only one hTERT subunit (6) . Second, hTERT proteins were cosynthesized with GST-hTERT D868N in the presence of the hTR to facilitate the assembly of functional telomerase multimers. Functional complementation that reconstituted telomerase activity occurred between the inactive RT domain mutant and all N-terminal mutants except those with defects in RID2-mediated RNA association (Table 1 and Fig. 7) . The results from both types of experiments indicated that functional hTERT multimerization required the presence of intact RID2 and RT domains on the same hTERT molecule.
Role of hTERT N terminus in functional telomerase multimerization. The human immunodeficiency virus type 1 RT dimerizes in an asymmetric, head-to-tail fashion and contains only one functional catalytic site (25, 42) . Beattie and colleagues have proposed an analogous model of hTERT multimerization in which the N terminus of one hTERT molecule acts in trans to allosterically mediate conformational changes in hTR(s) bound to another hTERT containing the RT domain and C terminus (6) . Our data indicate that a functional RID2 hTR interaction domain (residues 350 to 547) is also normally required on the same molecule as the RT domain and C terminus. Thus, potential trans-activating portions of the N terminus may be located within the first 350 amino acids of hTERT, a region containing RID1 and the poorly conserved linker. This hypothesis is supported by recent results which demonstrate that the first 300 to 350 amino acids of hTERT can complement a nonoverlapping hTERT protein containing intact RNA binding, RT, and C-terminal domains to reconstitute telomerase activity (6) . In addition, our data and others' suggest that the extreme N terminus and GQ motif of TERTs may constitute an independent domain (RID1) that interacts with TR and possibly telomeric DNA (2, 7, 16, 27, 46) . These observations suggest a revised model of functional hTERT multimerization in which the extreme N terminus and GQ motif (RID1) modulate the conformation of TRs, perhaps in trans, whereas RID2 mediates RNA binding interactions that functionally link it with the RT and C-terminal domains.
The hTERT N terminus may also be involved in intramolecular N-terminal cis interactions. hTERT truncations lacking part of RID2 and all of the extreme N terminus, GQ motif and linker (6), or RID2 mutants (this study) do not functionally complement an RT-defective mutant. However, hTERT truncations lacking the entire N terminus, including RID2, can complement hTERT mutants defective in the RT domain or C terminus (6) . Though it is not clear why complementation is affected differently by partial and complete RID2 disruptions, these latter observations indicate that hTERT RID2 may act in trans with the RT domain and C terminus. This in turn suggests that independent domains of the hTERT N terminus such as RID1 and RID2 may functionally interact in cis. Such an interaction could be mediated by the long, poorly conserved, and catalytically nonessential linker of hTERT.
N terminus-mediated trans interactions between hTERT proteins may occur via direct homomeric protein contacts or may be mediated by hTR, telomeric DNA, or other intervening proteins. None of the hTERT N-terminal mutants tested in our study were defective in physical association with other hTERT proteins. However, these mutations may be too small to disrupt protein associations. Interactions between hTERT proteins also occurred independently of hTR binding. We did not determine whether hTERT interactions might be altered in the presence of telomeric DNA. However, recent work by Armbruster and colleagues indicates that a telomeric oligonucleotide substrate is not essential for FIG. 7 . Schematic summary of functional domains of the hTERT N terminus. Conserved N-terminal subregions previously identified by alignment of multiple TERT sequences (46) are depicted on a linear map of the hTERT N terminus. Also shown is the recently identified DAT domain (2) . In vitro telomerase activity data were derived from this study and reference 2. Detailed mapping of hTERT N-terminal regions implicated in telomerase catalytic activity can be found in reference 2. Data identifying hTR interaction domains (RID1 and RID2) and regions required for trans complementation of the catalytically inactive RT domain mutant GST-hTERT D868N were derived from this study.
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at Penn State Univ on February 6, 2008 mcb.asm.org the physical association of hTERT proteins (2) . These observations can be interpreted in a number of ways. First, the N terminus may not interact with other hTERT molecules in trans. However, some inactive N-terminal mutants functionally complement RT domain mutants containing intact N termini, supporting functional trans interactions 6; this study). Second, physical trans interactions may occur along an extensive surface of the hTERT N terminus and may be identified only by the analysis of larger deletions or substitutions. Third, the primary physical site of hTERT trans interactions may be situated outside the N terminus. Mutations disrupting large subregions of hTERT, especially in the RT and C-terminal domains, will be required to identify and characterize the site(s) and mechanism mediating the physical and functional association of hTERT molecules.
We identified an RID in the hTERT N terminus that was required for the functional association of hTERT proteins, suggesting a role for hTERT-hTR interactions and the N terminus in telomerase multimerization. The potential roles of the RT and C-terminal domains, associated proteins, and telomeric DNA in mediating the molecular mechanism of telomerase multimerization will require further investigation. A better understanding of the mechanisms regulating hTERT multimerization will help to elucidate the role of multimerization in the catalytic function of human telomerase.
